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Final  Report 

S3-3  ONR-118  Data  Analysis  Contract  N00014-78-C-0479 

INTRODUCTION 

The  ONR-118  instrument  was  launched  into  a  near  polar  orbit  in  July  1976 
aboard  the  Air  Force  satellite  S3-3.  The  instrument's  principal  function  was  to 
measure  ion  composition  in  the  energy  range  of  E/Q-O. 5-16.0  keV/e.  Three 
spectrometers  were  used  to  determine  mass  spectra  at  12  points  over  the  energy 
range.  In  addition,  fixed  magnetic  analyzers  measured  electron  fluxes  in  four 
broad  energy  bands  between  .07  and  24.  keV.  Both  the  ion  and  electron  portions 
obtained  good  pitch  angle  coverage  with  detector  angular  resolution  of 
approximately  5  degrees. 

Early  data  Immediately  indicated  that  S3-3  was  sampling  the  principal 
auroral  acceleration  region.  The  initial  contract  for  the  ONR-118  instrument 
(N00014-72-C-0234)  supported  several  substantial  advances  in  the  knowledge  of 
auroral  processes  and  identified  the  ionosphere  as  an  important  source  of 
energetic  plasma  in  the  magnetosphere.  Significant  results  Included  the  direct 
observation  of  energetic  ions  flowing  out  of  the  ionosphere;  the  observation  of 
ionospheric  ions  in  the  stormtime  ring  current;  the  observation  of  ions 
accelerated  transverse  to  the  magnetic  field;  and  a  morphological  study  of  the 
distribution  in  latitude,  local  time,  and  altitude  of  upward  flowing  energetic 
ions.  These  and  other  Initial  results  from  S3-3  provided  the  Impetus  for  a  rapid 
evolution  in  the  understanding  of  the  auroral  acceleration  region. 

The  questions  raised  by  early  S3-3  results  led  to  keen  Interest  by  the 
scientific  community  in  the  study  of  numerous  physical  processes  occurlng  in  the 
regions  of  space  traversed  by  the  S3-3  orbit.  As  described  below,  the  ONR-118 
data  analysis  contract,  N00014-76-C-0479,  has  supported  a  continuing  Improvement 


In  the  understanding  of  these  processes  and  has  allowed  an  impressive  harvest 
from  this  unique  data  set. 

RESULTS  OP  THE  ION  MASS  SPECTROMETER 

Pollowlng  the  establishment  of  the  Importance  of  the  Ionosphere  as  a  source 
of  energetic  plasma,  work  has  concentrated  on  clarifying  the  the  mechanisms 
which  energise  the  cold  Ionospheric  Ions  and  Inject  them  Into  the  magnetospherlc 
plasma.  Analysis  of  pitch  angle  and  energy  spectrum  signatures  has  shown  that 
parallel  electric  fields  play  a  major  role.  Electron  pitch  angle  structure 
observed  by  ONR-118  Indicated  the  existence  of  an  extended,  magnetic  field- 
aligned  electric  field  both  above  and  below  the  spacecraft  (Cladis  and  Sharp, 
1979;  Sharp  et  al.,  1979).  Upward  flowing,  nearly  field-aligned  0+  and  H+  Ions 
were  observed  to  have  spectra  peaked  near  the  energy  corresponding  to  the 
electric  potential  deduced  for  the  region  below  the  spacecraft.  However  the 
peaked  Ion  spectra  were  sufficiently  broad  to  rule  out  pure  electrostatic 
acceleration.  The  potential  drops  deduced  from  these  measurements  were  of 
several  kilovolts,  with  vertical  extents  on  the  order  of  1000  km. 

In  addition  to  electrostatic  acceleration  parallel  to  the  magnetic  field, 
the  data  show  that  significant,  mass  dependent,  transverse  acceleration  also 
occurs  (Collin  et  al.,  1981,  Sharp,  1981).  In  contrast  to  the  field-aligned  Ions 
resulting  from  the  effects  of  parallel  electric  fields,  broad  Ion  conic 
distributions  indicate  that  transverse  acceleration  is  sometimes  dominant.  A 
statistical  study  of  upflowlng  Ion  characteristics  found  that  both  the  average 
beam  energy  and  pitch  angle  width  of  upflowlng  0 +  were  substantially  larger  than 
for  H+.  An  analysis  of  electrons  observed  coincident  with  upflowlng  Ions 
determined  that  the  average  electron  energy  was  generally  between  the  average 


proton  energy  and  the  average  oxygen  energy.  This  atudy  concluded  that  while 
protons  receive  the  bulk  of  their  energy  from  the  parallel  electric  field,  the 
0+  ions  obtain  approximately  half  of  their  energy  from  a  mass  dependent, 
transverse  acceleration  process.  Electrons  apparently  receive  substantial 
energization  from  the  electrostatic  field. 

The  existence  of  this  transverse  acceleration  is  clearly  an  Important  factor 
in  the  trapping  of  ionospheric  plasma  in  the  plasma  sheet  population.  With 
purely  field-aligned  electrostatic  acceleration,  one  would  expect  to  see 
statistically  comparable  numbers  of  downflowing  ion  beams  as  upf lowing*  However, 
observations  by  S3-3  (Ghielmetti  et  al.,  1979)  found  that  downflowing  ions  are 
much  less  frequent  than  upf lowing  ions.  This  indicates  that  the  ionospheric  ions 
are  commonly  trapped  in  the  plasma  sheet,  and  that  they  may  provide  a 
significant  fraction  of  the  suhstorm  Injected  plasma. 

The  direct  ion  injection  from  the  ionosphere  into  the  plasma  sheet  is 
supplemented  by  ions  which  take  a  more  circuitous  route.  Measurements  in  the  low 
altitude  dayside  cusp  (Shelley,  1979a)  reveal  that  ionospheric  ions  are 
continuously  accelerated  into  the  high  latitude  boundary  layers. 

Key  insights  into  the  variations  of  ionospheric  outflow  with  magnetic 
activity  were  provided  by  the  ONK-118  data  set.  The  data  were  used  to  estimate 
the  total  high  latitude  outflow  of  terrestrial  ions  during  magnetic  storms  and 
quiet  periods  (Collin  et  al.,  1984).  While  an  enhanced  outflow  was  observed  for 
both  H  and  0  during  magnetic  storms,  the  ratio  of  0  /H  outflow  Increased 
dramatically  from  0.25  during  quiet  times  to  1.4  during  storms. 

The  injection  of  0*  during  a  particular  storm  period  was  studied  using  data 
from  both  S3-3  and  SCATHA  (Strangeway  and  Johnson,  1984).  A  density  enhancement 
of  ionospheric  plasma  was  observed  moving  to  lower  L  shells  as  the  storm's 
recovery  phase  progressed.  This  apparent  movement  was  explained  in  terms  of  time 
of  flight  effects  in  the  convection  of  the  injected  plasma. 


Is  addition  to  variations  in  ionospheric  outflow  with  aagnetic  activity,  it 


j\-.  is  becoming  clear  that  there  are  long  tern  variations  in  auroral  ion 

acceleration  processes  associated  with  the  solar  cycle.  The  occurence  frequency 
of  upf lowing  ions  within  the  ONR-1 18  energy  coverage  decreased  by  more  than  an 
order  of  magnitude  from  late  1977  to  early  1979.  However,  the  large  fluxes  of  0^ 
observed  by  SCATHA  during  1979  Indicate  that  ionospheric  ions  were  still  being 
accelerated  into  the  trapped  population  during  this  time.  The  most  likely 
reconciliation  of  these  results  is  that  the  fundamental  acceleration  region  of 
ionospheric  ions  moved  above  the  S3-3  altitude  during  the  solar  maximum  period. 

Complementing  the  many  studies  of  specific  physical  phenomena,  the  ONR-1 18 
data  set  has  also  contributed  to  an  evolving  synthesis  of  the  overall 
understanding  of  auroral  and  magnetospheric  processes.  A  series  of  papers 
(Shelley,  1979b;  Johnson,  1983;  Sharp  et  al.,  1983;  Shelley,  1984)  have 
documented  the  contributions  of  the  S3-3  energetic  ion  composition  measurements 
to  the  continually  improving  global  picture  of  these  processes.  The  review 
paper:  "Hot  Plasma  Composition  Results  from  the  S3-3  Spacecraft"  summarizes  the 
key  results  of  the  ion  composition  portion  of  ONR-118.  A  copy  of  this  paper  is 
attached. 


RESULTS  OF  THE  ELECTRON  DETECTORS 


Narrowly  collimated,  field-aligned,  counterstreaming  electron  beams  were 
observed  to  occur  at  altitudes  between  4000  and  8000  km  (Sharp  et  al.,  1980). 
These  electron  beams  were  composed  of  Intense  fluxes  with  energies  in  the  keV 
range,  with  angular  widths  as  narrow  as  1  degree.  The  energy  spectra  were  broad 
and  the  loss  cones  of  precipitating  plasma  sheet  electrons  were  most  often 
unaffected.  The  data  cannot  be  explained  in  terms  of  acceleration  by  a  simple 
quasistatic  electric  field.  A  model  proposed  for  the  generstion  of  these  beams 
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Involved  Che  acceleration  of  cold  aablent  plasma  by  multiple  flickering  double 
layers. 

A  statistical  study  of  electron  beams  In  the  polar  regions  (Collin  et  al., 
1982)  found  a  good  correlation  between  the  beams  and  the  statistical  auroral 
oval.  The  beams  were  found  to  be  clustered  closely  in  latitude  with  upward 
flowing  Ions,  with  the  mean  electron  beam  latitude  slightly  equatorward  of  the 
mean  upward  flowing  ion  position.  The  beams  were  usually  not  observed  at 
energies  above  400  eV.  The  altitude  distribution  of  the  beams  Indicated  a  source 
region  at  or  above  an  altitude  of  1  RE.  The  results  of  the  statistical  study 
also  suggested  a  multiple  flickering  double  layer  source. 

An  analysis  of  the  relationship  of  both  trapped  and  precipitating  electrons 
to  upf lowing  Ions  yielded  several  Important  results  (Collin  et  al..  1981).  The 
average  energy  of  electrons  observed  In  the  presence  of  upflowlng  Ions  was  found 
to  typically  lie  between  that  of  the  protons  and  oxygen.  A  good  correlation  was 
found  between  the  energies  of  upflowlng  oxygen  ions  and  locally  mirroring 
electrons.  The  average  electron  spectra  were  broadly  peaked,  with  the  peak 
energy  Increasing  with  increasing  energy  of  the  associated  upward  flowing 
oxygen. 

COOPERATIVE  STUDIES  USING  ONR-118  DATA 


The  0NR-118  data  have  been  shared  cooperatively  In  a  number  of  projects. 
These  projects  have  combined  data  from  several  Instruments  in  order  to  obtain  a 
more  complete  observational  picture  and  to  provide  sensitive  tests  of 
theoretical  models. 

Ion  composition  data  have  provided  valuable  contributions  to  the 
Investigation  of  wave-particle  Interactions  in  the  auroral  acceleration  region 


(Kauffman  and  Klntner,  1982;  Kintner  et  al.t  1979).  The  analyses  have 
concentrated  on  the  stability  of  electrostatic  ion  cyclotron  waves  and  the 
causal  relationship  behind  the  close  correlation  of  upward  flowing* ions  and  the 
waves.  The  stability  of  ion  ring  distributions  in  the  cusp  was  also  studied 
with  respect  to  the  generation  of  lower  hybrid  waves  and  the  subsequent  heating 
of  different  ion  species  (Roth  and  Hudsen,  1984). 

Another  area  of  cooperative  effort  has  been  the  exploration  of  the  overall 
morphology  and  dynamics  of  the  auroral  acceleration  region.  Studies  have  dealt 
with  auroral  particle  acceleration  processes  acting  on  both  electrons  and  ions 
(Mozer  et  al.,  1980),  the  structure  of  strong  electric  field  regions  and  their 
relationship  to  particle  accelation  (Mlzera  et  al.,  1981b;  Temerln  et  al., 
1981),  and  auroral  morphology  (Mlzera  et  al.,  1981a) 

S3-3  ion  and  electron  measurements  have  played  an  Important  role  in  the 
understanding  of  magnetosphere-ionosphere  coupling  (Kaufmann  and  Klntner,  1984; 
Kaufmann,  1984).  In  particular,  ions  were  found  to  carry  the  majority  of 
field-aligned  momentum  flux,  while  electrons  carry  currents.  Ion  composition 
information  is  critical  to  the  analysis  of  momentum  balance  within  the 
acceleration  region. 
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The  S3-3  satellite  discovered  the  principal  auroral  acceleration  region  at  altitudes 
of  about  1  Rt  over  the  auroral  zone.  Intense  fluxes  of  upward  flowing  O*  and  H  *  ions 
with  keV  energies  were  commonly  observed  in  this  region  of  the  magnetosphere.  The 
detailed  morphology  of  these  upflowing  ions  is  described,  including  their  latitude.  local 
time,  altitude,  and  magnetic  activity  dependences  and  their  relationship  to  the  trapped 
keV  electron  population.  The  first  measurements  of  the  composition  of  the  trapped 
keV  ions  in  the  radiation  belts  are  also  described,  showing  the  importance  of  the 
ionospheric  source  term  to  the  storm  time  population  of  ions  with  energies  <  1 6  keV/e. 


1.  Introduction 

Beginning  in  about  1970,  certain  characteristics  of  the  distribution  functions  of  the 
precipitating  auroral  electrons  began  to  be  interpreted  as  evidence  that  an  electrostatic 
acceleration  process  was  acting  to  energize  them  (Gurnett,  1972:  Evans,  1975). 
Satellite  measurements  were  unable  to  provide  any  direct  confirmation  of  these 
inferences  because  the  satellites  were  generally  limited  to  low  altitude  polar  or 
geostationary  orbits,  outside  the  region  where  the  acceleration  process  occurs.  In  July 
1976  the  Air  Force  satellite  53-3  with  a  modest  payload  of  energetic  particle  and  field 
detectors  was  placed  into  a  near  polar  orbit  with  an  apogee  of  -^8,000  km.  It 
immediately  became  clear  that  at  that  altitude  it  was  encountering  the  region  where  the 
principal  auroral  acceleration  mechanisms  were  operative  (Shelley  et  al.,  1976; 
Sharp  et  al..  1977b).  Direct  measurements  of  electric  field  intensities  of  up  to  several 
hundred  millivolts  'meter  were  provided  by  the  U.  C.  Berkeley  experiment  (Mozer  et 
al.  1979).  Signatures  of  in  situ  acceleration  processes  were  found  with  the  particle 
detectors  (Mjzera  and  Fennell.  1977;  Sharp  et  al.,  1979).  The  directions  of  the 
inferred  electrostatic  potentials  were  such  that  they  energized  electrons  in  the 
downward  direction  and  precipitated  them  into  the  atmosphere  while  simultaneously 
accelerating  ambient  ionospheric  ions  upward,  injecting  them  into  the  radiation  belts. 
The  relative  scarcity  of  observations  of  downward  flowing  ions  in  the  altitude  range  of 
S3- 3  suggested  that  this  injection  process  was  quite  efficient  (Ghielmetti  et  al.,  1979). 

The  Lockheed  experiment  on  S3-3  contained  an  energetic  ion  mass  spectrometer 
and  provided  the  added  dimension  of  ion  composition  information  to  the 
understanding  of  the  complex  plasma  processes  operative  in  this  region.  These 


167 


168 


R.  D.  Sharp  et  al. 


measurements  have  provided  useful  information  in  three  principal  areas: 

1.  The  study  of  the  detailed  characteristics  of  the  several  acceleration 
mechanisms  found  to  be  operative  in  the  4,000-8.000  km  altitude  region  on  auroral 
field  lines. 

2.  The  definition  of  the  morphology  of  the  upward  flowing  energetic  ions  which 
are  the  principal  source  term  for  that  portion  of  the  magnetospheric  particle 
population  which  is  of  ionospheric  origin. 

3.  The  composition  of  the  stormtime  ring  current.  S3-3  provided  the  first  direct 
measurements  of  the  ion  composition  of  this  population  of  particles  (Johnson  et  al., 
1977). 

In  this  review  we  shall  examine  the  role  of  the  ion  composition  data  in 
understanding  the  magnetospheric  processes  operating  in  each  of  these  three  areas. 

The  S3-3  ion  mass  spectrometer  experiment  contained  three  individual  sensors, 
each  of  w  hich  covered  a  separate  portion  of  the  energy  per  unit  charge  range  from  0.5  to 
16keV  e.  The  sensors  were  mounted  with  their  view  directions  perpendicular  to  the 
spacecraft  spin  axis  so  that  they  obtained  a  complete  angular  scan  at  three  energies 
approximately  every  20  sec.  A  12  point  energy  spectrum  of  ions  w  ith  mass  per  charge 
from  1  through  32  was  acquired  every  64  sec.  A  more  complete  description  of  the 
experiment  is  contained  in  Sharp  et  al.  (1977b). 

2.  Ion  Acceleration  Mechanisms 

These  results  have  recently  been  reviewed  (Sharp,  1981 )  and  we  will  present  here 
only  a  brief  summary  of  the  principal  conclusions  to  this  time. 

Upward  flowing  H+  and  0+  ions  w'ith  energies  in  the  keV  range  were  frequently 
observed  on  auroral  field  lines  by  S3-3  at  altitudes  above  4,000  km.  He+  ions  were  also 
observed  but  substantially  less  frequently  and  with  much  lower  intensity  than  and 
0+.  The  upward  flow'ing  ions  were  often  found  in  association  with  the  signatures  of 
parallel  electric  fields  in  the  keV  electron  distributions.  These  signatures  on  occasions 
allow'ed  a  quantitative  estimate  to  be  made  of  an  electrostatic  potential  difference 
below  the  spacecraft,  and  in  a  number  of  cases  when  direct  comparisons  w  ere  made  this 
potential  was  found  to  correspond  approximately  to  the  energy  at  which  theupfiowing 
ions  exhibited  a  peak  in  their  energy  spectrums  (Cladis  and  Sharp,  1979;  Mizera  et 
al.,  1981).  This  implies  that  a  large  fraction  of  the  ion  energy  was  acquired 
electrostatically.  The  spectral  peaks  were  quite  broad,  however,  and  the  angular 
distributions  of  the  upflow  ing  ion  beams  were  typically  wider  than  w  ould  be  expected  if 
the  beams  resulted  from  a  pure  electrostatic  acceleration  of  the  ambient  thermal 
plasma.  Also,  upon  occasions  the  upflowing  ions  exhibited  a  “conical"  pitch  angle 
distribution  (with  a  local  minimum  in  the  distribution  along  the  direction  of  the 
magnetic  field).  These  characteristics  implied  that  some  transverse  acceleration 
mechanism  was  also  involved  in  the  energization  process. 

Statistical  results,  which  will  be  discussed  below  in  more  detail,  showed  that  the 
energy  of  the  O'  beams  was  typically  1  '/2  to  2  times  that  of  the  H  * .  and  their  angular 
widths  were  substantially  broader.  The  median  value  of  the  half  w  idths  was  24  for  the 
O*  beams  and  15  for  the  H'  (Collin  et  al.,  1981).  If  we  further  consider  that  the 
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upflowing  ion  beams  (with  E  >  0.5  keV)  are  only  found  at  altitudes  above  about 
4.000  km  (Ghielmetti  ei  al.,  1978).  these  parameters  allow  us  to  set  limits  on  the 
relative  strengths  of  the  transverse  and  parallel  ion  acceleration  mechanisms.  It  was 
concluded  by  Collin  ci  al.  ( 1981 )  that  the  H  +  ion  beams  could  typically  only  receive  a 
small  fraction  of  their  energy  from  a  transverse  acceleration  mechanism  actfng  above 
4,000  km  or  they  would  have  angular  widths  larger  than  those  observed.  The  0+  ions  on 
the  other  hand  could  derive  almost  half  of  their  energy  from  such  a  mechanism.  These 
results  were  taken  to  imply  that  : 

1.  The  H+  ions  were  accelerated  primarily  by  parallel  electric  fields. 

2.  The  O  *  received  on  the  average  the  same  parallel  acceleration  as  did  the  H  + . 

3.  The  excess  energy  in  the  O*  relative  to  the  H+  was  provided  by  some 
transverse  acceleration  mechanism  that  preferentially  acted  on  the  0+  constituent  of 
the  ion  beams. 

Some  of  the  other  results  of  these  statistical  studies  w'hich  are  relevant  to  our 
understanding  of  the  properties  of  the  ion  acceleration  mechanism  as  well  as  to  the 
characterization  of  the  ionospheric  source  term  for  the  ring  current  are  discussed  in 
Section  4. 

3.  Morphology  of  Upward  Flowing  Ions 

Some  of  the  results  of  a  study  of  the  characteristics  of  the  upward  flowing  ion 
events  were  reported  by  Ghielmetti  (1978),  Ghielmetti  ei  al.  (1978),  and  Shelley  ei 
al.  (1980).  The  data  which  were  utilized  were  acquired  during  the  period  July  13, 1976 
to  September  27,  1977,  and  included  925  orbits  covering  the  complete  range  of  local 
time.  Because  of  the  phasing  of  the  orbit  with  season,  almost  all  of  the  data  were 
acquired  over  the  summer  hemisphere.  The  polar  regions  between  60  and  84  degrees 
invariant  latitude  (ILA)  were  subdivided  into  unit  bins  of  size  2;  ILA  by  three  hours 
magnetic  local  time  (MLT)  by  1.000  km  altitude.  A  bin  was  defined  to  have  been 
sampled  if  at  least  one  complete  pitch  angle  scan  w  as  acq  uired  while  the  satellite  passed 
through  it.  An  upward  flowing  ion  (UF1)  event  was  defined  as  the  occurrence  of  at  least 
one  observation  within  a  unit  bin  of  an  anisotropic  pitch  angle  distribution  with  a 
maximum  in  the  upward  moving  direction.  Additionally  it  w  as  required  that  the  flux 
exceed  the  sensitivity  threshold  of  ~2  x  106  keV/(cnr  sec  ster  keV)  and  also  exceed 
the  penetrating  energetic  electron  background. 

The  probability  of  occurrence  was  defined  as  the  ratio  of  the  number  of  UFI  events 
to  the  number  of  samples.  For  this  analysis  no  distinction  was  made  between  field 
aligned  distributions  (beams)  and  conical  events  but  the  latter  were  relatively  rare  in 
this  energy  range  and  so  the  results  are  generally  representative  of  field  aligned  events. 
For  each  event,  in  addition  to  the  occurrence  probability,  the  following  parameters 
were  recorded  for  the  two  most  commonly  observed  ion  species  (H*  and  0+):  The 
peak  differential  energy  flux,  the  energy  at  the  peak  flux,  the  maximum  energy  at  which 
upflowing  ions  were  observed,  the  magnetic  local  time,  the  invariant  latitude,  the 
altitude,  and  A'r.  A  total  of  about  19,397  samples  were  obtained  in  the  period  of  this 
analysis  and  about  936  upward  flowing  ion  events  were  observed. 

Figure  1  shows  a  principal  result  of  the  study,  a  magnetic  local  time,  invariant 


R.  13.  Shari*  »•/  al. 


KM*  MI  S  *  27 11 


ItnriK  inn  !■ 


h 


/  i 


A 

w 


fNMWuTT  ¥  KCIRICNCI  |%| 


n 


I  mi  lilt  1114  Hit  2174  2521  *34 

I'.'  I  I  !>'  I'l  \  1 'i  "t.  l  lit  UIKC  of  lljns  ,1'vl  llow  MIL’  K'H\  .IS  '!  \  Clf  h\  Ihc  tu.iw  M"  \ 

S  <  5  kUwen  (■  mm  .uni  s  "on  kin  illiliulc  I  In’  solul  M.uk  curse  Lonnesix  (he  wiltks  of  the  ,n  ■  .  oil 
llltlllM  l'. Ill)  '  til  >111  loi.ll  till)'  '.viol 

1. 1  ( i  f  i  nlc  m.ipul  flu-  pit  'lul'i  In  \  of  t  ill  in  to  nee  of  upu  a  wi  Mow  mi*  ions  ohsci  \  oil  t  w  e  m 
(*.i  if  if  >  .nul  s  ( it  id  k  in  .ill  if  inle  w  it  Inn  i  iic  eneicv  .uni  sensiimu  ranees  Pelmet! 

I  lie  sol  hI  him.  k,  i  in  \e  i  onnei  Is  flic  \  a  hies  of  l  he  a\evni:e  la  t  mule  vv  nhm  each  lo  ii  i  mu 
si  i  !  o  i  I  he  while  hum  in  the  (in  (Nhoui  sector  was  ilelclcil  heeaiixc  if  v  i  n<M 
,n l>  ipialeK  s.i  mpleil  I  lu  pi  inup.il  lea i  '110  of  fills  ills! t  ifml ion.  t In  <1.  a m.il  u  :n  . '  ■  m ■  m 
in  local  c\  en  i  iij’  a  in  I  I  he  renei  al  eoi  i  espoiuienee  lo  l  he  am  oi  a  I  o\al  ai  e  in  new  uu  m 


Hot  Plusma  Composition  Results  from  the  S>3  Spacecraft 


171 


with  the  previous  less  detailed  results  derived  from  the  more  limited  data  set  published 
earlier  (Ghielmetti  et  al .,  1978). 

3.1  Local  time  dependence  .  - 

The  local  time  asymmetry  in  the  probability  of  occurrence  is  more  strikingly 
evident  in  Fig.  2  which  was  obtained  from  the  results  in  Fig.  1  by  summing  over  the 
latitudinal  distributions  within  each  three  hour  local  time  sector.  The  error  bars  in  this 
and  subsequent  figures  represent  the  standard  deviations  of  the  means  of  the 
probability  distributions.  In  order  to  investigate  the  dependence  of  this  distribution  on 
magnetic  storm  activity  the  data  were  sudivided  into  “disturbed”  periods,  during  the 
inital  phase  or  early  recovery  phase  of  magnetic  storms,  and  “quiet”  periods  which  had 
relatively  low  Dst  and  were  at  least  several  days  after  the  recovery  phase  of  the  last 
previous  magnetic  storm.  These  results  are  shown  in  Figure  3.  One  sees  that  there  is 
only  a  modest  increase  in  occurrence  probability  during  the  storms  and  no  qualitative 
difference  in  the  pattern  between  disturbed  and  quiet  times. 

The  local  time  dependence  of  the  energy  of  the  upfiowing  ions  was  investigated  by 
forming  the  average  of  the  energies  at  which  the  peak  energy  flux  was  recorded  for  each 
event.  These  results  are  illustrated  in  Figure  4.  One  sees  a  strong  dependence  on  local 
time  with  the  hardest  events  being  observed  in  the  premidnight  sector.  The  O"  is  seen 
to  be  substantially  harder  than  the  H  + .  A  rough  indication  of  the  energy  width  of  the 
ion  distribution  functions  is  also  illustrated  for  the  O"  events  by  the  dashed  curve  in 
Figure  4.  This  is  the  average  of  the  maximum  energies  at  which  flux  was  observable  on 
each  event. 

The  ion  composition  was  also  observed  to  have  a  significant  local  time  de¬ 
pendence.  Figure  5  show  s  the  ratio  of  the  occurrence  frequencies  of  0"  and  H  T  events 
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Fig.  2-  Relative  probability  of  occurrence  of  upward  flowing  ions  as  a  function  of  magnetic  local  time. 
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Fig.  3.  A  comparison  of  the  probabilities  of  upward  flowing  ions  between  quiet  and  disturbed  periods. 


MAGNETIC  LOCAL  TIME  (HR) 

Fig.  4.  Average  of  the  energies  at  which  at  the  peak  energy  flux  was  observed  as  a  function  of  magnet  ic  local 
time  (circles  represent  O*  and  triangles  represent  H  *  )  and  average  of  the  maximum  energies  at  which  O* 
flux  was  observed  (crosses). 
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Fig.  5.  Ratio  of  the  occurrence  frequencies  of  O*  and  H*  events  as  a  function  of  magnetic  local  time. 

as  a  function  of  magnetic  local  time.  One  sees  a  dramatic  change  in  composition  in  the 
vicinity  of  local  noon  assocated  with  the  acceleration  of  ionospheric  0+  ions  in  the 
dayside  cusp  (Sharp  et  ai.  1977b:  Shelley,  1979).  As  will  be  discussed  below,  this 
acceleration  acts  most  frequently  on  the  transverse  component  of  the  0+  ion  energy, 
leading  to  the  observation  of  conical  pitch  angle  distributions.  The  plot  shown  in 
Figure  5  should  be  considered  only  as  a  qualitative  indicator  of  the  composition  in  the 
region  of  the  cusp  since  it  is  quite  difficult  to  identify  transversely  accelerated 
ionospheric  H+  ions  in  the  presence  of  the  intense  fluxes  of  precipitating  and 
magnetically  reflecting  H  +  ions  of  solar  origin  that  are  present  on  the  cusp  field  lines.  It 
does  serve  to  characterize  the  ionospheric  acceleration  region  associated  with  the  cusp 
as  qualitatively  different  from  that  in  other  sectors,  in  agreement  with  the  results  of  the 
morphological  studies  of  Gorney  et  ai.  (1981). 

3.2  Altitude  dependence 

Since  the  local  time  distributions  exhibited  a  broad  flat  maximum  over  the 
15-24  hour  sector  this  subset  of  the  data  were  utilized  to  study  the  altitude  dependence. 
For  each  three  hour  local  time  sector  the  averaged  occurence  probabilities  in  1 .000  km 
altitudinal  bins  were  formed  from  sums  over  the  latitude  range  within  which  90°o  of  the 
e\ems  occurred.  This  altitude  distribution  is  shown  in  the  left  panel  of  Figure  6.  In  the 
absence  of  strong  angular  diffusion  each  upflowing  beam  should  be  observable  at  any 
altitude  above  its  point  of  origin  and  the  differential  of  this  curve  should  characterize 
the  location  of  the  source  region.  This  was  obtained  by  subtracting  probabilities  in 
adjacent  altitude  bins  and  is  shown  in  the  right  panel  of  Figure  6.  These  plots  show  that 
ion  acceleration  to  energies  above  500  eV  occurs  primarily  at  altitudes  greater  than 
4,000  km  and  also  suggests  that  we  may  in  fact  have  gone  over  the  peak  of  the 


Fig.  6.  Left  panel :  Average  occurrence  probability  per  1 ,000  km  altitude  bin  in  the  1 5-24  hour  magnetic 
local  time  sector.  Right  panel:  Normalized  differential  probability  obtained  by  subtracting  probabilities  in 
adjacent  altitude  bins. 

differential  altitude  distribution  at  ~  6,000  km.  In  consideration  of  the  statistical 
uncertainties,  however,  the  latter  result  cannot  be  considered  conclusive.  i 

The  altitude  dependence  of  the  average  of  the  energies  at  which  the  peak  ion  flux 
was  observed  is  shown  by  the  solid  curves  in  Figure  7.  Since  the  ions  receive  a 
substantial  fraction  of  their  energy  from  an  electrostatic  acceleration  mechanism,  this 
quantity  should  be  related  to  the  average  electrostatic  potential  difference  in  this 
altitude  and  local  time  range.  As  discussed  in  Section  2  however,  it  is  apparent  from  the 
mass  and  angular  dependencies  of  the  accelerated  ions  that  other  mechanisms  besides 
electrostatic  acceleration  are  operative.  In  view  of  the  statistical  uncertainties,  no 
significance  is  attached  to  the  “peak”  at  5,000-6,000  km  in  the  0+  distribution.  The 
dashed  curves  represent  the  averages  of  the  maximum  energies  at  which  flux  was 
detectable  in  each  event  and  again  give  a  rough  measure  of  the  energy  widths  of  the  ion 
distributions. 

It  is  significant  that  at  the  lowest  altitude  of  observation  the  ion  energy  at  the  peak 
flux  intensity  is  substantially  above  the  500  eV  energy  threshold  of  the  spectrometer 
and  is  comparable  to  the  ion  energy  observed  at  the  highest  altitudes.  This  suggests  that 
on  average  the  acceleration  process  is  nonlinear  in  altitude  and  that  a  substantial 
energization  occurs  in  a  relatively  narrow  range  of  altitude  near  4,000  km. 

The  altitude  dependence  of  the  ratio  of  the  0+  to  H  +  occurrence  probabilities  is 
shown  in  Figure  8.  Within  the  rather  large  statistical  uncertainties,  the  results  do  not 
show  any  evidence  for  an  altitude  dependence  of  this  ratio  and  therefore  support  the 
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Fig.  7.  Average  of  the  energies  at  which  peak  flux  was  observed  (solid  curves)  and  average  of  the  maximum 
energy  at  which  flux  was  observed  (dashed  curves).  Circles  represent  O*  and  triangles  represent  H*. 


Fig.  8.  Ratio  of  the  occurrence  frequencies  of  O*  and  H*  events  as  a  function  of  altitude. 
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inference  by  Collin  et  al.  (I9S1 )  that  the  excess  energy  carried  by  the  0+  ions  did  not 
result  from  their  having  entered  the  acceleration  region  at  systematically  lower 
altitudes  than  did  the  H  +  . 

3.3  Kp  dependence 

The  distribution  of  Kp  for  the  data  base  utilized  for  this  study  is  show  n  in  Figure  9. 
Note  that  reasonable  sampling  was  acquired  for  A'r  <  5.  The  Kp  dependence  of  the 
frequency  of  occurrence  is  illustrated  in  Figure  10.  for  the  0+  and  H*  separately,  for 
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Fig.  9.  Distribution  of  K,  for  the  data  base  utilized  for  this  study. 


ORBITAL  BASIS 


2 -DEG  LATITUDINAL  BIN  BASIS 


Fig.  10.  Frequence  of  occurrence  of  O*  events  (circles  l  and  H*  events  (triangles  I  as  a  function  of  Kr  See 
text  for  definitions  of  the  two  types  of  frequencies. 
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events  between  15  and  24  hours  magnetic  local  time  and  with  altitudes  between  6.000 
and  S.000  km.  In  the  left  panel  the  frequency  of  occurrence  is  defined  on  an  orbital  basis 
as  the  number  of  orbits  in  which  at  least  one  event  was  observed,  divided  by  the  total 
number  of  orbits  in  that  Kp  range.  In  the  right  panel  it  is  defined  as  the  number  of 
2  degree  latitudinal  bins  in  which  at.  least  one  event  was  observed  divided  by  the  total 
number  of  orbits  in  that  Kp  range.  Note  that  the  latter  definition  allows  frequency  of 
occurrence  values  greater  than  1 .  The  ratio  of  these  two  occurrence  frequencies  gives  a 
rough  indication  of  the  latitudinal  extent  of  the  UFI  region  as  a  function  of  magnetic 
activity.  An  examination  of  Figure  10  shows  that  the  orbital  frequency  of  occurrence 
increases  from  about  25%  to  about  50%  as  Kp  increases  from  0  to  5.  The  ratio  of  the  two 
curves  (two  degree /orbital)  ranges  from  about  1.5  to  2.3  with  a  small  but  not  clearly 
significant  increase  with  increasing  Kp.  An  important  result  is  that  the  H  +  and  0+  ions 
behave  almost  identically,  with  no  apparent  changes  with  magnetic  activity  in  the 
composition  as  defined  by  the  peak  differential  energy  fluxes. 

In  order  to  investigate  the  relative  flux  intensities  of  0+  and  H+  and  their 
dependence  on  magnetic  activity,  the  data  were  organized  as  follows.  Within  each 
range  of  /%,  the  peak  energy  flux  values  were  arranged  according  to  the  energy  at  which 
they  occurred,  and  then  averaged.  This  resulted  in  a  set  of  curves  of  the  type  shown  in 
Figure  11.  These  distributions  have  the  units  of  a  differential  flux  but  should  not  be 
confused  with  such.  The  curve  shown  in  Figure  11  is  the  grand  average  of  all  of  the 
individual  curves  in  the  various  Kp  ranges  and  gives  a  synoptic  picture  of  the  energy  and 
mass  dependence  of  the  peak  flux  intensity  resulting  from  the  still  poorly  understood 
acceleration  mechanism  responsible  for  the  upward  flowing  ion  fluxes.  To  illustrate  the 
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Fig.  ||.  Averages  of  peak  energy  fluxes  as  a  function  of  energy  for  O*  events  (circles)  and  H'  events 
(triangles). 
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Kp  dependence  of  the  relative  peak  fluxes  of  0+  and  H  +  ,  the  individual  curves  of  the 
type  shown  in  Figure  1 1  at  each  Kp  level  were  integrated  over  energy  to  provide  a 
parameter  with  the  units  of  energy  flux.  The  variation  of  this  parameter  with  A'r  is 
shown  in  Figure  12.  Again  one  should  note  that  this  is  not  a  true  energy  flux  but  the 
integral  of  a  peak  flux  distribution.  We  note  that  there  is  no  substantial  dependence  of 
this  parameter  on  magnetic  activity.  The  corresponding  number  flux  data  are  shown  in 
Figure  13  where  the  ratios  of  the  averages  of  the  peak  flux  integrals  for  H*  and  O"  are 
plotted. 

Figure  14  shows  two  sets  of  curves  computed  in  a  similar  manner  illustrating  the 
Kp  dependence  of  the  mean  energy  at  which  the  peak  flux  intensity  was  observed  (lower 
panel)  and  the  mean  of  the  maximum  energies  at  which  a  significant  flux  was  observed 
(upper  panel).  Here  we  see  an  increase  with  magnetic  activity  but  no  significant 
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Fig.  12.  Integrals  of  curves  of  the  type  shown  in  Figure  1 1  as  a  function  of  Kp  for  O*  events  (circles  l  and  H* 
events  (triangles). 
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Fig.  13.  Number  flux  data  corresponding  to  the  energy  flux  data  presented  in  Figure  12.  shown  in  the  form 
of  the  ratios  of  the  peak  flux  integrals  for  H'  and  O* . 
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Fig.  14.  Mean  value  of  the  energy  at  peak  flux  intensity  (lower  panell  and  mean  value  of  the  maximum 
energy  at  which  flux  was  observed  (upper  panel)  as  a  function  of  Kp. 

difference  in  the  Kp  dependence  of  O*  and  H  +  .  This  latter  result  is  shown  more 
explicitly  in  Figure  15  which  gives  the  0+  to  H+  average  energy  ratios  as  a  function  of 
Kp.  The  values  represented  by  the  solid  dots  were  formed  from  the  curves  in  the  lower 
panel  of  Figure  14  while  the  values  represented  by  the  open  triangles  were  formed  from 
the  curves  in  the  upper  panel. 

3.4  Additional  studies 

A  further  study  of  some  of  the  characteristics  of  the  upward  flowing  ions  beams 
and  their  relationship  to  auroral  electrons  was  conducted  by  Collin  et  al.  (19S1 ).  This 
study  was  based  on  44  passes  through  the  upfiowing  ion  regions  in  the 
IS00-2400  hour  local  time  sector  at  altitudes  above  6.000  km.  In  order  to  focus  on  a 
single  phenomena,  a  few  wide  "conics"  (i.e.  the  events  in  Figure  19  with  widths  greater 
than  50  )  were  deleted  from  the  remainder  of  the  study.  A  possibly  significant  difference 
between  this  and  the  above  described  study  was  that  Collin  et  al.  computed  the 
integrated  number  flux  and  flux  weighted  average  energy  from  the  peak  spectrometer 
response  at  each  of  the  3  measured  energies  on  each  spin,  rather  than  utilizing  just  the 
flux  at  the  peak  energy.  Figure  16  shows  the  frequency  of  occurrence  of  upflowing  H  * 
and  0+  ions  as  a  function  of  flux  intensity.  One  sees  that  the  maximum  H*  flux  was 
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Fig.  15.  RatioofO*  energytoH*  energy  for  the  curves  in  Figure  14.  Solid  circles  represent  energy  at  peak 
flux  intensity  and  open  triangles  represent  maximum  energy  at  which  flux  was  observed. 


Fig.  16.  Occurrence  frequency  distribution  for  upflowing  O'  and  H '  ions  as  a  function  of  flux  intensity. 
Error  bars  represent  statistical  uncertainties  (Collin  et  al,  1981). 


about  20  times  as  intense  as  the  maximum  O*  flux.  The  median  value  of  the  ratio  of 
H  ’  /O"  intensity  was  about  7  and  no  correlation  between  the  flux  intensities  of  the  two 
species  was  observed. 

Both  species  of  ions  were  observed  with  energies  thoughout  the  range  of  the 
instrument.  Figure  17  shows  the  distribution  of  frequency  of  occurrence  of  average 
energies.  The  oxygen  ions  are  seen  to  be  significantly  more  energetic  than  the  protons  in 
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ENERGY  IkeV) 

Fig  17.  Occurrence  frequency  distribution  for  upflowing  O*  and  H*  ions  as  a  function  of  aterage  energy 
(Collin  et  al .  1981). 

agreement  with  the  results  from  the  earlier  study.  The  distributions  imply  that  the 
energy  range  of  the  experiment  was  adequate  to  characterize  the  energy  range  of  the  ion 
acceleration  mechanism. 

Figure  1 8  shows  that  there  is  a  clear  systematic  association  between  the  energies  of 
the  two  species.  The  oxygen  energy  was  on  the  average  1 .7  times  as  great  as  the  proton 
energy,  and  the  ratio  between  them  ranged  from  about  0.8  to  3. 

The  events  entering  this  study  were  nominally  classified  as  ion  “beams”  since,  as 
indicated  above,  the  few  broad  “conics”  which  appeared  to  be  qualitatively  different  in 
character  from  the  majority  of  the  events  were  deleted  from  the  study.  A  close 
examination  of  the  pitch  angle  distributions  showed  however  that  in  about  45°0  of 
cases  for  0‘  and  20"o  of  cases  for  H  ’  the  pilch  angle  distributions  appeared  to  have  a 
minimum  at  the  angle  of  closest  approach  to  the  field  line.  In  many  of  these  cases  the 
minimum  was  close  to  the  limit  of  statistical  significance.  The  remainder  did  not  show  a 
field-aligned  minimum,  but  in  many  of  these  cases  the  possibility  that  such  a  minimum 
existed  could  not  be  ruled  out  because  of  the  poor  counting  statistics  and  because  the 
spectrometers  did  not  always  sample  closer  than  10  to  the  field  line.  An  estimate  of  the 
half  width  of  each  distribution  was  made  by  finding  the  pitch  angle  at  which  the  count 
rate  had  dropped  to  half  its  maximum  observed  value.  Their  occurrence  probabilities 
(Figure  1 9)  show  that  0+  had  significantly  wider  pitch  angle  distributions  than  H  + .  As 
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AVERAGE  ENERGY  OF  UPFLOWING  0+  IONS  VERSUS  UPFLOWING  H+  IONS 


Fig.  18.  Scatter  plot  of  the  average  energies  of  simultaneously  observed  upflowing  O*  and  H*  ions.  The 
dashed  line  represents  equal  ion  energies  and  the  solid  line  represents  O*  energies  twice  that  ofH".  (Collin 
et  al. ,  1981). 

discussed  in  Section  2  these  results  were  taken  to  imply  that  the  transverse  acceleration 
mechanism  responsible  for  the  conical  nature  of  the  pitch  angle  distributions  (the 
minimum  along  the  field  direction)  preferentially  acted  on  the  0+  ions  and  on  average 
provided  about  half  of  their  energy  while  the  H  *  ions  were  primarily  accelerated  by  a 
quasistatic  parallel  electric  field. 

In  addition  to  the  upflowing  ion  parameters.  Collin  et  al.  also  recorded  the 
characteristics  of  the  trapped  and  precipitating  energetic  electrons  ( .07  <  E  <  24  keV ) 
on  each  spin  in  which  upflowing  ions  were  observed.  Figure  20  shows  a  scalier  plot  of 
the  oxygen  ion  energy  versus  the  average  energy  of  the  trapped  electrons  (electron  pitch 
angles  between  SO  and  100  ).  An  equally  good  correlation  was  obtained  with  the 
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Fig.  19.  Occurrence  frequency  distributions  of  beam  half  width  at  half  maximum  for  upflowingO*  and  H’ 
ions  (Collin  et  al.  1981). 

protons.  The  average  electron  energy  was  generally  found  to  lie  between  the  average 
proton  energy  and  the  average  oxygen  energy.  A  more  detailed  correspondence 
between  the  ions  and  electrons  was  apparent  when  the  trapped  electron  data  were 
sorted  into  5  groups  according  to  the  average  energy  of  the  oxygen  ion  beam  with 
which  they  were  associated.  Figure  21  shows  the  average  differential  electron  energy 
spectrum  for  each  group.  A  shoulder  in  the  spectrum  is  apparent  which  moves  to  higher 
energies  and  develops  into  a  peak  as  the  ion  energy  increases.  These  results  suggest  that 
the  electrons  are  also  substantially  energized  by  the  electrostatic  field  that  accelerates 
the  ions  and  that  the  magnitude  of  their  electrostatic  acceleration  is  comparable  to  that 
of  the  ions.  Thus  statistically  the  J  Edz  above  and  below  the  6.000  to  8,000  km  altitude 
region  of  this  study  are  approximately  equal. 

The  results  of  a  statistical  study  of  some  of  the  characteristics  of  the  upward 
flowing  O  *  ions  accelerated  in  the  low  altitude  dayside  cusp  were  reported  by  Shelley 
(1979a).  From  57  clearly  identified  cusp  crossings  on  which  S3-3  crossed  75  invariant 
latitude  at  an  altitude  above  5.000  km.  upstreaming  0+  ion  fluxes  were  detected  in  at 
least  58"0  of  the  cases.  Conical  distributions  were  approximately  twice  as  frequently 
occurring  as  field  aligned  distributions.  Because  of  energy  and  spatial  limitations  of  the 
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Fig.  20.  Scatter  plot  of  upflowing  O*  ion  energy  and  average  energy  of  electrons  with  pitch  angles  of  90 
±  10:.  The  dashed  lines  represent  0*  ion  energies  of  twice,  equal,  and  half  the  electron  energies.  (Collin  et 
al.,  1981). 


S3- 3  experiment,  the  O*  fluxes  could  easily  have  been  missed  on  these  traversals  and  so 
it  was  concluded  that  ionospheric  ions  are  being  accelerated  in  the  cusp  on  a  nearly 
continuous  basis.  These  ions  are  injected  into  the  boundary  layer  along  with  the  plasma 
of  solar  wind  origin  which  make  up  the  bulk  of  the  ion  population  in  this  region.  They 
have  been  detected  in  the  boundary  layer  or  plasma  mantle  both  in  the  subsolar  regions 
(Peterson  et  al.,  1981)  and  in  the  magnetotail  (Frank  et  al.  1977).  From  the  latter 
location  they  can  be  convected  inward  to  the  plasma  sheet  by  the  cross  tail  electric  field 
and  thereby  enter  the  magnetospheric  circulation  system  where  they  contribute  to  the 
ionospheric  portion  of  this  plasma  population.  (See  Shari*  ct  al.  ( I9S2)  in  this  v  olume 
for  further  details  of  the  ISEE-1  results.) 
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AVERAGE  ELECTRON  EFCRGY  SPECTRA  AS  A  FUNCTION  OF  AVERAGE 
UPFLOWING  0*  ION  ENERGY 


Fig.  21.  Averaged  differential  electron  energy  spectrums  for  spins  which  were  grouped  according  to  the 
energy  of  the  upflowing  oxygen  ions.  (Collin  ei  al .,  1981). 


These  statistical  studies  of  the  characteristics  of  the  upward  flow  ing  ions  have  been 
supplemented  in  an  important  way  by  the  results  from  the  Aerospace  Corporation 
electrostatic  analyzer  experiment  on  S3- 3  (Gorney  cl  al .,  19SI).  Although  lacking 
mass  discrimination  capabilities,  this  analyzer  had  higher  sensitivity  and  covered  a 
lower  energy  range  (90  eV  to  3.9  kcV)  and  thereby  was  able  to  detect  an  important 
component  of  the  upflow  ing  ion  population  that  was  not  accessible  to  the  ion  mass 
spectrometer.  The  statistical  study  reported  by  Gorney  et  al  focussed  on  the 
significant  differences  in  morphology  between  the  ion  distributions  that  had  peak 
fluxes  along  the  magnetic  field  direction  (beams),  and  those  with  local  minimums  in 
that  direction  (conics).  During  quiet  conditions  ( Kp  <,  3)  the  conical  distributions  were 


186 


R.  D.  Sharp  ei  al. 


found  to  show  a  local  time  distribution  centered  near  noon,  and  a  spatial  association 
with  the  polar  cusp,  particularly  for  the  events  with  £<400e\\  The  altitude 
distribution  of  these  events  was  nearly  uniform  above  an  altitude  of  ^  2.000  km.  This 
contrasts  with  the  results  for  the  higher  energt  ions  detected  by  the  mass  spectrometer 
and  implies  a  low  altitude  generation  region  for  these  lower  energy  events.  During 
disturbed  times  (Kp  >  3)  the  conics  were  found  to  be  relatively  uniformly  distributed  in 
local  time  and  their  altitude  distribution  suggested  a  higher  altitude  generation  region, 
particularly  in  the  dusk  sector.  In  contrast  the  ion  beams  observed  during  both  quiet 
and  disturbed  times  had  a  maximum  occurrence  frequency  in  the  premidnight  sector 
and  were  observed  primarily  in  the  5.000-8,000  km  altitude  region  in  agreement  with 
the  characteristics  of  the  more  energetic  ions  detected  by  the  mass  spectrometer. 

As  discussed  by  Ghielmetti  et  al.  (1978),  Gorney  et  al.  ( 1981 ),  and  Sharp  ( 198 1 ). 
the  ability  to  distinguish  between  beams  and  conics  depends  on  a  number  of  factors 
including:  The  angular  resolution  of  the  instrument;  the  altitude  of  the  satellite 
relative  to  the  acceleration  region ;  and  the  minimum  angle  between  the  local  magnetic 
field  vector  and  the  spin  plane  of  the  satellite.  The  Aerospace  ion  spectrometer  had  a 
field  of  view  of  10:  x  25c  (full  width)  while  the  Lockheed  instrument  subtended  6: 
x  5C.  As  mentioned  above,  Collin  et  al.  found  that  a  careful  examination  of  the  pitch 
angle  distributions  of  upflow  ing  ion  events  which  were  nominally  classified  as  “beams” 
(events  remaining  after  the  obviously  wide  conics  were  sorted  out)  revealed  numerous 
cases  of  angular  distributions  with  local  minimums  along  the  field  direction.  They 
concluded  that  even  the  “beams*’,  particularly  the  0+  beams,  have  typically  experi¬ 
enced  a  substantial  transverse  acceleration.  Gorney  et  al.  *s  results  show  that  there  is  a 
class  of  low  energy  events  with  an  even  larger  relative  contribution  from  the  transverse 
acceleration  mechanism  that  exhibit  a  substantially  different  morphology  than  the 
other  events. 

3.5  Summary 

To  summarize  the  principal  features  of  the  morphology  of  the  more  energetic 
(£  >  .5  keV)  upward  flowing  ion  events,  we  found: 

1.  The  average  energies  of  the  O*  andH*  beams  were  well  correlated  with  each 
other  and  with  the  average  energy  of  the  electrons. 

2.  The  flux  intensities  of  0+  and  H*  beams  and  the  associated  electrons  did  not 
show  any  significant  correlations. 

3.  The  O*  beams  were  typically  an  order  of  magnitude  less  intense  than  the  H~ 
beams  and  about  a  factor  of  1.5-2  more  energetic. 

4.  A  dramatic  evening  sector  maximum  in  the  occurrence  frequency  of  the 
upflow'ing  ions  was  observed  which  was  not  qualitatively  different  in  quiet  and 
disturbed  times.  The  average  energy  of  the  peak  upflowing  ions  was  also  substantially 
higher  in  this  local  time  sector. 

5.  The  composition  of  the  upflow  ing  ions  was  qualitatively  different  near  local 
noon  than  in  other  local  time  sectors  with  0+  conics  dominating  the  observations. 

6.  The  principal  energization  of  the  upflowing  ions  was  show  n  to  occur  above 
4,000  km  and  some  evidence  for  a  possible  peak  in  the  frequency  of  occurrence  near 
6,000  km  altitude  was  presented. 
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7.  The  frequency  of  occurrence  of  the  upflowing  ions  increased  with  increasing 
A'  but  there  was  no  evidence  of  a  chance  in  the  relative  occurrence  of  0+  and  H  * .  The 

r  w 

peak  flux  intensities  of  both  H  +  and  O*  did  not  show  a  significant  correlation  with  Kp. 
The  mean  and  maximum  energies  of  the  ions  increased  w  ith  Kp  but  there  was  no  change 
in  t  he  O  *  relative  to  H  + .  These  results  do  not  exclude  the  possibility  of  a  Kp  dependence 
to  the  angular  or  energy  widths  of  the  ion  distributions  which  might  affect  the  total 
upward  flow  of  ions.  There  is  some  limited  evidence  that  the  angular  widths  of  the 
upflowing  O*  ions  broadens  with  increasing  ion  energy  while  the  H+  cone  widths 
narrow,  [see  figure  20  of  Shelley  (1979b).]  Since  the  ion  energy  increases  with 
increasing  Kp.  this  suggests  that  there  might  in  fact  be  an  increase  in  the  CT/H*  ratio 
during  active  times.  More  work  is  clearly  required  in  this  area. 

4.  Trapped  Particles 

The  S3-3  spacecraft  with  apogee  at  2.3  Rt  provided  the  first  opportunity  to 
investigate  the  composition  of  the  trapped  hot  plasmas  in  the  radiation  belts  and 
particularly  the  composition  of  the  inner  ring  current  during  geomagnetic  storms. 
Although  the  trapped  ions  observed  with  S3- 3  at  high  latitudes  corresponded  to 
equatorial  pitch  angles  near  the  loss  cone,  the  pitch  angle  measurements  in  the  ring 
current  below  L  =  4  typically  corresponded  to  equatorial  pitch  angle  ranges  from  1 5:  to 
40  ,  and  near  the  inner  edge  of  the  ring  current,  equatorial  pitch  angles  as  high  as  50 : 
were  sampled  (Johnson,  et  ai,  1977). 

Prior  to  the  S3-3  launch,  observations  of  large  fluxes  of  O*  ions  precipitating  from 
the  magnetosphere  with  energies  up  to  12keV  during  magnetic  storms  had  been 
reported  from  low  altitude  satellite  measurements  (Shelley  et  ai,  1972 ;  Sharp,  et  ai, 
1974;  and  Johnson,  et  ai,  1975).  However,  due  to  the  spacecraft  and  spectrometer 
orientations,  no  measurements  on  the  trapped  component  of  the  ion  fluxes  were 
obtained.  Thus,  direct  injection  and  acceleration  of  the  observed  ions  w  ithin  or  near  the 
loss  cone  could  not  be  excluded,  although  other  considerations  of  the  spatial  and 
temporal  distributions  of  the  fluxes  made  it  appear  likely  that  significant  fluxes  of 
trapped  ions  were  also  present. 

Using  S3-3  data,  Johnson  et  al  (1977)  investigated  the  composition  of  the  storm- 
time  ring  current  during  the  early  main  phases  of  magnetic  storms  on  29  December 
1976. 6  April  1977,and  19  April  1977  which  had  peak  intensities  near-  100  y.  From  the 
mass  spectrums  shown  for  selected  energies  in  Figure  22,  it  can  be  seen  that  0+  and  H  + 
are  the  dominant  ions  observed  although  measurable  amounts  of  He+  are  also 
observed.  These  data  are  from  the  /.-shell  range  from  about  3  to  4  and  from  the 
equatorial  pitch  angle  range  from  15  to  41  . 

Energy  spectrums  of  the  O*  and  H  *  ions,  corresponding  to  the  data  intervals  of 
Figure  22.  are  shown  in  Figure  23.  The  high  O  "  fluxes  are  evident,  and  the  resulting  CK 
number  densities  for  these  intervals  in  temporal  order  were  2.9,  3.3.  and  7.1  with 
O'/H"  density  ratios  of  2.1.  3.0.  and  1.5,  respectively.  Based  on  these  high  density 
ratios  and  in  consideration  of  the  low  oxygen  ion  abundance  in  the  solar  w  ind  (see 
Bami;  ct  ai,  in  this  volume),  it  was  concluded  that  the  ionosphere  was  a  major 
contributor  to  the  storm-time  ring  current  in  the  measured  energy  range. 
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Fig.  23.  Energy  distributions  for  O*  and  H*  during  the  main  phases  of  the  29  December  1976,  6  April 
1977,  and  19  April  1977  magnetic  storms.  (Johnson  el  al.,  1977). 


During  the  late  recovery  phase  of  the  29  December  1976  storm,  the  observed 
composition  at  low  Z.-vaIues  was  significantly  different  from  that  found  during  the 
main  phase  of  the  storm.  As  seen  from  the  mass  spectrum  in  Figure  24  (from  Johnson, 
et  al.,  1977)  in  comparison  with  the  mass  spectrums  in  Figure  22,  there  is  an 
enhancement  of  He*  and  a  depletion  of  H  +  relative  to  the  O* .  This  temporal  evolution 
in  the  ring  current  composition  at  low  L-shells  is  qualitatively  consistent  with 
expectations  based  on  the  charge  exchange  loss  process  for  the  ion  constituents 
(Tinsley  [1976];  Lyons  and  Evans  [1976]). 

In  addition  to  the  charge  exchange  loss  of  ions  from  the  ring  current,  as  discussed 
above,  evidence  for  a  pitch  angle  scattering  loss  process  for  ring  current  ions  has  also 
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Fig.  24.  An  example  of  the  mass  spectrum  during  the  reco\ery  phase  of  the  29  December  1976  magnetic 
storm.  (Johnson  et  al.,  1977). 


been  presented  by  Johnson  et  al.  (1979).  A  segment  of  S3-3  data  acquired  during  the 
main  phase  of  the  11  December  1977  magnetic  storm  is  shown  in  Figure  25.  The 
abscissa  shows  universal  time  (SYST),  longitude,  latitude,  altitude  in  kilometers, 
invariant  latitude,  and  magnetic  local  time.  The  four  lowest  panels  show  electron 
spectrometer  data  (see  Johnson  et  al.,  1979,  for  details  of  this  format  that  are  not 
discussed  here).  The  panel  labeled  PITCH  shows  the  pitch  angle  of  the  instrument  look 
direction.  The  next  four  panels  show  the  logarithm  of  the  counts  from  ions  with  M/Q 
(mass/charge)  =  1, 2, 4,  and  16  summed  once  per  second  from  the  temporally  selected 
output  channels  from  each  of  the  three  mass  spectrometers,  giving  an  approximate 
measure  of  the  relative  flux  of  the  relevant  species.  The  next  three  panels  (CXA-3, 
CXA-2,  and  CXA-1)  display  the  mass  spectrums  accumulated  at  the  selected  energy 
step  of  each  spectrometer.  The  selected  energy  step  is  given  by  the  top  panel  with  each 
spectrometer  at  its  lowest  energy  for  Step  1 ,  etc.  .  The  energy-per-unit-change  values 
are  0.5,  0.6S,  0.94,  and  1.28  keV  for  spectrometer  #  1 ;  1.76,  2.4,  3.3,  and  4.5  keV  for 
spectrometer  #  2 ;  and  6.2.  8.5, 1 1 .6.  and  1 6.0  keV  for  spectrometer  #  3.  The  evidence 
for  mass  dependent  pitch  angle  scattering  can  be  seen  by  comparing  the  M/Q  =  1 
response,  the  M/Q  =  16  response,  and  the  pitch  angle  (PITCH)  of  the  instrument  look 
direction  in  the  time  period  from  1 200 : 22  to  1 205 : 30.  Loss  cones  for  the  H  *  ions  in  this 
region  are  generally  well  developed  in  both  directions  along  the  magnetic  field; 
whereas,  for  the  0+  ions,  the  loss  cone  region  near  O'  pitch  angle  (the  instrument 
pointed  upward)  contains  high  fluxes,  and  in  some  regions,  nearly  isotropic  fluxes. 
From  this  event  and  other  similar  events,  it  is  concluded  that  strong  pitch  angle 
scattering  is  occurring  above  the  satellite  for  the  O*  ions,  but  not  for  H+  ions.  Thus, 
this  loss  process  can  contribute  directly  to  the  decay  of  the  ring  current  by  moving  ions 
into  the  single  transit  loss  cone.  Possibly  more  important,  even  a  slower  rate  of  pitch 
angle  scattering  will  continuously  lower  the  mirror  altitudes  of  the  ions  and  thereby 
transport  the  ions  into  the  denser  region  of  the  atmosphere  where  the  charge  exchange 
losses  are  more  rapid.  These  observations  of  the  mass  dependence  of  the  ion  pitch  angle 
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scattering  rates,  coupled  with  the  spatial  and/or  temporal  variations  in  these  rates, 
suggested  by  the  data  in  Figure  25.  provide  a  further  indication  that  quantitative 
modeling  of  the  ring  current  decay  by  using  only  charge  exchange  loss  processes  may  be 
applicable  to  only  very  limited  regions  of  the  magnetosphere  and/or  for  limited 
geophysical  conditions  even  in  the  equatorial  regions  of  the  magnetosphere. 

5.  Discussion 

Since  the  launch  of  S3-3,  a  number  of  satellites  carrying  energetic  ion  mass 
spectrometers  have  been  placed  into  high  altitude  orbits  where  they  can  sample  the 
near  equatorial  trapped  ion  populations  in  the  ring  current  and  the  distant  plasma 
sheet  (see  reviews  in  this  volume).  As  we  see  in  these  articles  the  results  are  complex  and 
we  do  not  yet  have  a  clear  understanding  of  the  relative  importance  of  the  ion  sources 
and  the  detailed  operation  of  the  dominant  transport  and  loss  mechanisms. 

An  important  element  of  the  puzzle  is  the  morphology  of  the  principal  ionospheric 
source  term,  i.e.  the  composition  and  intensity,  and  the  latitude,  local  time  and 
magnetic  activity  dependence  of  the  upward  flowing  energetic  ions.  (Other  suggested 
ionospheric  sources  such  as  the  plasmasphere  and  the  polar  wind  have  been  shown  to 
be  of  minor  significance  because  of  the  general  dominance  of  O*  over  He*  in  the 
trapped  particle  populations).  The  initial  morphological  results  from  S3-3  presented 
here  are  the  best  available  information  on  the  ionospheric  source  at  this  time. 

As  discussed  by  Sharp  et  al.  (this  volume)  some  of  these  results,  e.g.,  the  implied 
lack  of  dependence  of  the  0*/H*  ratio  on  Kp.  help  us  to  understand  the  substorm 
associated  changes  in  the  composition  of  the  distant  plasma  sheet.  The  principal 
process  for  removal  of  ions  from  that  region  is  inw  ard  convection  of  the  plasma  w  ith  a 
velocity  which  is  mass  independent.  One.  therefore,  would  expect  changes  in  the 
relative  importance  of  the  ionosphere  and  solar  wind  as  source  terms  to  be  directly 
reflected  by  an  increase  in  O*  density  as  He*  *  decreases  and  vice  versa.  This  is  indeed 
the  case.  The  situation  is  apparently  more  complicated  in  the  L  =  6  to  1 1  region,  w  here 
both  O*  and  He*  *  increase  in  the  trapped  population  relative  to  H*  during  the  early 
phase  of  large  magnetic  storms  (Lennartsson,  1981 ).  Possible  explanations  could  be 
an  increase  in  the  0*/H  *  ratio  of  the  ionospheric  source  term,  mass  dependent  losses, 
or  both. 

Figure  1  shows  that  almost  all  of  the  upward  flowing  ion  events  occurred  at 
invariant  latitudes  above  66  (L  >  6).  These  are  the  events  for  which  the  above 
described  magnetic  activity  variations  are  pertinent.  As  we  have  seen,  these  results 
suggest  that  there  was  not  an  increase  in  the  0~/H*  ratio  with  increasing  A'p.  However, 
the  comparison  of  statistical  results  taken  during  different  periods  is  subject  to  manv 
uncertainities.  There  may  be  seasonal  or  long  term  (solar  cycle)  variations.  Also,  as 
discussed  above,  the  study  was  based  on  peak  flux  intensities  rather  than  the  integral 
upflowing  ion  flux.  Furthermore.  Kp  is  not  the  ideal  parameter  to  represent  the  early 
phase  of  magnetic  storms.  It  is  probably  more  relevant  to  substorm  activity  and 
therefore  to  the  ISIZE  results  in  the  distant  plasma  sheet  where  there  is  no  apparent 
inconsistency. 

As  indicated  above,  another  possibility  is  mass  dependent  loss  terms.  One  expects 
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that  charge  exchange  would  be  more  important  in  the  inner  magnetosphere  than  in  the 
distant  plasma  sheet  but  this  gives  the  reverse  effect  to  that  which  is  observed.  H  +  ions 
have  the  largest  cross  section  for  charge  exchange  in  this  energy  range  and  should  be 
depleted  relative  to  the  heavy  ions  in  the  trapped  population.  Thus  during  quiet  times 
one  would  expect  an  increase  in  0+  and  He*  +  relative  to  H* .  opposite  to  the  observed 
trend  in  the  L  >  6  range.  The  expected  trend  is  in  fact  observed  at  leaver  altitudes  where 
the  charge  exchange  mechanism  is  more  important  (Johnson  et  al.,  1977;  Lundin  et 
al.,  1980;  Lennartsson,  19S1). 

Pitch  angle  diffusion  into  the  loss  cone  is  another  significant  loss  process  for  ring 
current  ions  (Sharp  et  al..  1977a)  and  there  is  evidence  that  at  least  on  some  occasions 
and  in  some  locations  in  the  magnetosphere  this  loss  is  enchanced  for  O*  relative  to 
H  +  .  As  we  have  seen  in  Figure  25,  for  invariant  latitudes  below  about  60  theH*  fluxes 
exhibit  nearly  empty  loss  cones  both  parallel  and  antiparallel  to  the  magnetic  field 
direction  and  appear  to  be  relatively  stably  trapped  while  the  O*  pitch  angle 
distributions  show  evidence  for  substantial  pitch  angle  diffusion  and  subsequent 
precipitation.  Unfortunately  in  the  relevant  range  of  L  >  6  during  quiet  times  the  flux 
intensities  are  generally  too  low  to  see  if  this  effect  persists. 
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